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Local  Propeller  Blade  Flows  in  Uniform  and 
Sheared  Onset  Flows  Using  LDV  Techniques 

Stuart  D.  Jessup,  Carl  Schott, 

Michael  Jeffers  and  Sukeyuki  Kobayashi 


abstract 

Laser  Doppler  Velocimetry  techniques 
were  used  to  measure  local  propeller  blade 
flows  in  the  DTNSRDC  24-inch  water  tunnel. 
Velocity  measurements  were  made  upstream, 
downstream,  and  between  blades.  Measurements 
were  made  near  the  blade  surface  to  identify 
potential  flow  surface  pressure  coefficients 
and  streamwise  boundary  layer  profiles.  Blade 
surface  flow  visualization  was  correlated  with 
the  measured  boundary  layer  characteristics. 
Blade  pressure  distributions  and  streamwise 
boundary  layer  growth  were  compared  with 
theory.  Exploratory  velocity  measurements  were 
made  ahead  of  a  propeller  operating  in  an  axi- 
symmetric  sheared  inflow,  and  velocity  and 
thrust  correlations  were  made  with  theory. 
Measured  velocities  about  the  propeller  showed 
good  agreement  with  potential  theory  ahead  of 
the  propeller  with  discrepancies  occuring 
downstream  of  the  propeller  due  to  viscous 
effects.  Measured  boundary  layer  growth  at 
mid-span  of  the  propeller  blade  was  approxi¬ 
mated  well  by  two-dimensional  boundary  layer 
theory.  Boundary  layer  profile  measurements 
verified  the  location  of  transition  determined 
from  flow  visualization  techniques. 

NOMENCLATURE 
D  =  propeller  diameter 

c  =  chord  length  of  propeller  blade  section 
Cp  =  blade  surface  pressure  coefficient, 

y 

<P-Po>/V2  cvrZ,  or  l-(-^  )2 

*  r 

f  =  camber  of  propeller  blade  section 
H  =  boundary  layer  shape  factor,  6*/o 
J  =  advance  coefficient,  VA/nD 
K j  =  thrust  coefficient,  T/pn2D4 
Kq  =  torque  coefficient,  Q/pn2D ® 
n  =  propeller  rotation  speed, 

revolutions/second 
p  =  propeller  blade  section  pitch 
P  =  pressure 
PQ  =  reference  pressure 


Q  =  torque 

R  =  radius  of  propeller 

r  =  radial  distance  from  axis  of  propeller 

T  =  thrust 

VA  =  speed  of  advance 

Vb  =  velocity  in  the  angle  $  direction  relative 
to  the  moving  blade  coordinate  system, 

V$  +  27inr  cos  $ 

Vr  =  resultant  inflow  velocity  to  blade  section 
(VA2  +  (2xnr)2)^ 

Vs  =  representative  ship  speed  in  sheared  wake 
DJ/n  where  J  is  determined  from  design  KT 
and  open  water  performance  data. 

Vt  =  tangential  velocity,  positive  in  direction 
of  rotation,  average  value  at  each  blade 
angular  position 

=  velocity  in  the  direction  of  angle  $, 
average  value  at  each  angular  position, 
Vx  cos  4>  +  Vt  sin  $, 

V*  -  i  "  (i) 

n  i  =  l 

V.(i)  =  velocity  in  the  direction  of  angle 
individual  value  at  each  angular 
position 

x  =  axial  position  relative  to  propeller 
center  plane,  positive  downstream 
xc  =  fraction  of  chord  length 

xr  =  fraction  of  propeller  radius 

y  =  distance  normal  from  surface 

ii  =  surface  streamline  angle  with 

respect  to  potential  flow  streamline 
di  recti  on 

* 

6  =  streamwise  boundary  layer  displacement 

thickness 

p  =  fluid  density 


1 


t  =  LDV  velocity  measurement  direction, 

angle  from  vertical,  positive  upstream 
♦p  =  propeller  blade  section  pitch  angle 
o  =  streamwise  boundary  layer  momentum 


the  potential  flow  and  boundary  layer  charac¬ 
teristics  of  typical  propeller  blade  sections, 
and  provide  insight  into  the  boundary  layer 
displacement  effects  on  the  blade,  and  pro¬ 
peller  operation  in  sheared  wakes. 


thickness 

v  =  kinematic  viscosity 

(-)  =  bar  signifies  mean  value 

1  .  INTRODUCTION 

Recent  advances  in  Laser  Doppler 
Velocimetry  have  provided  the  ability  to 
measure  time-varying  velocities  near  operating 
propellers.  Pioneering  work  by  Min  (1978) 
established  techniques  and  provided  field  point 
velocity  measurements  ahead  of  and  behind 
operating  propellers.  Correlations  made  with 
Kerwin  and  Lee's  (1978)  numerical  lifting  sur¬ 
face  theory,  PUF-2,  showed  good  predictions  of 
field  point  velocity  distributions  ahead  of  the 
propeller  and  outside  the  slipstream.  Inside 
the  slipstream,  downstream  of  the  propeller, 
predictions  showed  significant  di screpancies 
with  measurements  that  were  attributed  to 
displacement  effects  due  to  the  viscous  wakes 
of  the  blades  and  inaccuracies  in  the  numerical 
modeling  of  the  downstream  vortex  system. 

Using  the  same  LDV  system,  Kobayashi  (1981) 
calculated  the  section  drag  of  the  blades 
from  detailed  measurements  of  the  viscous 
wakes.  Kerwin  (1982)  presented  further  corre¬ 
lations  of  field  point  velocities  about 
operating  propellers  using  a  refined  measuring 
technique  resulting  in  improved  spatial  resolu¬ 
tion.  Comparisons  were  made  with  Greeley's 
(198?)  improved  lifting  surface  model,  PSF-2, 
showing  agreement  similar  to  Min's  results. 
Program  FP V -10,  reported  by  Kerwin  (1979)  was 
used  to  generate  field  point  velocities  from 
PSF-2. 

All  the  LDV  measurements  described  were 
conducted  using  a  one  component,  dual  beam, 
forward-scatter  on-axis  system.  Transmitting 
and  receiving  optics  were  positioned  on  oppo¬ 
site  sides  of  the  water  tunnel  with  a  direct 
line  of  sight  across  the  tunnel  necessary  to 
perform  the  measurements.  This  arrangement 
restricted  the  measurements  to  regions  outside 
the  swept  area  of  the  rotating  propeller. 

This  paper  describes  measurements  made 
about  rotating  propellers  using  a  one  com¬ 
ponent,  dual  beam,  on-axis,  backscatter  LOV 
system.  Measurements  were  made  within  the 
swept  area  of  the  propeller  disk,  in  the  poten¬ 
tial  flow  regions  between  the  blades,  and 
within  the  blade  boundary  layer.  High  spatial 
resolution  was  obtained  with  small  measuring 
volume  optics  in  conjunction  with  precise  angu¬ 
lar  positioning  of  the  propeller.  Flow 
visual ization  using  oil  dot  techniques  was  con¬ 
ducted  to  correlate  with  measured  blade  boun¬ 
dary  layer  characteri sties .  exploratory 
measurements  were  also  made  ahead  of  a  prope¬ 
ller  operating  in  an  axisymmetric  sheared  wake 
to  investigate  effective  wake  and  resultinn 
propeller  performance.  The  results  of  these 
experiments  contribute  to  the  understandi ng  of 


2.  EXPERIMENTAL  TECHNIQUES 
2.1  Test  Facility 


Tests  were  conducted  in  the  DTNSRDC 
24-inch  diameter  (0.61m)  water  tunnel  incor¬ 
porating  an  open  jet  test  section  and  a 
downstream  drive  system.  A  window  insert  was 
installed  in  the  open  test  section  as  shown  in 
Figure  1  to  permit  a  close  proximity  of  the  LDV 


I  ivuri-  I  I)|\SR1X  24  Inch  Water  limncl  Open  Jet  leM 
Section  With  tunnel  W'indoc.  Invert  lor  I  l)\  MejMirvtnentc 


optics  to  the  blades  of  the  propeller.  This 
was  necessary  to  minimize  the  focal  length  of 
the  LDV  optics  system  for  maintaining  a  minimum 
measuring  volume  size.  The  extended  window  was 
positioned  approximately  13  inches  (33  cm)  from 
the  tunnel  centerline  and  was  estimated  to 
induce  an  asymmetry  to  the  uniform  flow  test 
section  of  less  than  2%. 

The  primary  propeller  tested  was  DTNSRDC 
Model  4119.  This  is  a  12  inch  (30.5  cm) 
diameter  three-bladed  propeller  described  by 
Denny  (1968),  designed  for  uniform  flow  as  a 
double  thickness  version  of  DTNSRDC  propeller 
Model  4118.  The  propeller  was  tested  at  7  and 
14  rps  at  a  nominal  design  J  of  0.833 
correspond!' ng  to  a  propeller  Reynolds  number  of 
0.7  and  1.4  million.  Propeller  geometry  is 
shown  in  Table  1. 

A  relatively  large,  150  Hp,  dynomometer 
system  was  chosen  for  the  tests  to  maximize 
shafting  rigidity.  This  was  necessary  because 
of  the  large  distance  between  the  propeller  and 
the  location  of  the  encoder  measuring  shaft 
angular  position.  It  was  thought  that  a  rigid 
shaft  arrangement  would  maximize  the  con- 
si  stancy  of  the  angular  position  measurement. 
Consequently,  a  compromise  was  made  in  the 
accuracy  of  thrust  and  torque  measurements, 
since  only  10  percent  of  the  load  capacity  of 
the  dynamometer  was  utilized. 
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Propeller  test  conditions  were  set  using 
thrust  identity,  where  the  propeller  rpm  was 
set  and  tunnel  water  speed  was  varied  to  pro¬ 
duce  measured  open  water  thrust.  Preliminary 
measurements  of  field  point  velocities  ahead  of 
Propeller  4119  showed  a  3".  difference  in  cir¬ 
cumferential  average  axial  velocity  when  com¬ 
pared  with  predicted  values  using  PSF-2.  This 
discrepancy  was  believed  to  be  due  to  the  com¬ 
bined  effects  of  measured  thrust  error,  a  1- 
difference  in  measured  tunnel  test  section 
velocity  compared  to  open  water  advance  speed, 
and  the  approximate  2-  reduction  in  tunnel  test 
section  velocity  in  the  vicinity  of  the  tunnel 
window  insert.  Therefore,  all  correlations 
were  made  assuming  a  3%  reduction  in  advance 
speed  from  the  design  condition,  resulting  in 
an  assumed  advance  coefficient  of  0.806. 

The  comparison  of  the  predicted  and  measured 
field  point  velocity  distributions  at  the 
nominal  and  assumed  advance  coefficients  are 
shown  later  in  the  paper. 

2.2  laser  Doppler  Velocimetry  System 

The  LDV  system  used  was  a  relatively  con¬ 
ventional  TSI ,  Inc.  one  component  dual  beam 
system  operating  in  the  on-axis  back  scatter 


mode.  A  Spectra-Physics  2  watt  ion-argon  laser 
was  used,  utilizing  the  green  514.5  nm  wave¬ 
length  line.  The  single  beam  was  split  into 
two  coherent  beams  through  a  beam  splitter.  One 
beam  was  frequency  shifted  to  distinguish  velo¬ 
city  direction.  A  2.27x  beam  expander  w*  used 
with  a  250  nm  focal  length  lens  with  50mn  beam 
separation.  This  arrangement  resulted  in  a 
measuring  volume  .0028  inches  (.072mm)  in 
diameter  and  .030  inches  (.75mn)  long  with  28 
fringes  across  the  measuring  volume.  With  the 
on  axis  arrangement,  the  received  scattered 
light  past  back  through  the  same  optical  system 
through  a  field  stop  for  filtering  extraneous 
scattered  light,  and  then  to  a  photomultiplier. 
The  optical  system  was  afixed  to  rotating 
mounts  so  the  beam  orientation  and  thus  the 
direction  of  velocity  measurement  could  be 
rotated  about  the  beam  axis.  Figure  2  depicts 
the  LDV  system. 


I  ic'urc  1  laser  Doppler  NelcKimeln  Scsiem  Snip lo 
t  nmponent.  Du.il  Hcani.  On  \\n  Kick  Sc.illci 

The  doppler  signal  from  the  photo¬ 
multiplier  output  was  processed  with  both  a 
frequency  tracker  and  a  burst  counter.  Signals 
were  initially  band  pass  filtered  to  reduce 
noise.  The  tracker  was  used  for  alignment  pur¬ 
poses,  processing  qualitative  results,  and 
identifying  blade  passage  speed.  The  counter 
was  used  for  quantitative  data  processing  in 
conjunction  with  the  computer. 

For  this  test  in  the  water  tunnel  the 
data  processing  rate  of  individual  velocity 
measurements  was  relatively  good,  from  2011  to 
2000  processed  measurements  ner  second,  ihe 


data  rate  was  dependent  on  optical  alignment, 
velocity  measurement  direction,  and  tunnel 
seeding.  Routinely,  the  tunnel  water  was 
filtered  to  5  micron  particle  size  and  then 
seeded  with  1.5  micron  size  silicon  Carbide 
seeding  material.  The  rate  of  the  processed 
velocity  measurements  were  considered  random  in 
nature  so  that  data  collection  procedures 
responded  to  individual  measurements  and  not  to 
a  prescribed  time  or  blade  angular  position 
based  on  propeller  rotation. 

2 . 3  LOV  System  Positioning,  Calibration  and 
'Accuracy  — 

Positioning  of  the  LDV  system  was  per¬ 
formed  with  a  manually  controlled  ,  three- 
directional  traverse  system  as  shown  in  Figure 
2.  Translations  along  the  propeller  shaft  axis 
were  performed  by  moving  the  entire  LOV  system, 
while  vertical  and  horizontal  translations  from 
the  propeller  shaft  axis  were  performed  by 
moving  the  optical  system  relative  to  the 
single  beam  laser  source.  Vertical  traverse 
was  performed  with  an  optical  scissors  jack. 
Position  was  measured  manually  with  dial  and 
vernier  calipers  to  a  resolution  of  0.001 
i nches  ( .025mm) . 

The  position  of  the  LDV  measurinq  volume 
was  referenced  to  the  neometry  of  the  nroneller 
inside  the  tunnel.  The  vertical  position  of 
the  LhV  measurinq  volume  was  referenced  to  the 
upper  and  lower  edqes  ot  the  propeller  huh. 

The  axial  position  was  referenced  to  a  mid¬ 
chord  line  drawn  on  a  propeller  blade  while  the 
propeller  was  stationary  and  was  checked  hy 
positioning  the  measurinq  volume  at  the  leadinq 
nr  trailing  edges  while  the  propeller  was 
rotating.  This  was  easily  performed  due  to  the 
large  doppler  siqnal  produced  when  the 
measurinq  volume  intersected  the  blade  surface 
and  provided  a  correction  due  to  shaft  system 
extension  under  load.  The  horizontal  position 
from  the  propeller  shaft  centerline  was 
referenced  to  lines  of  constant  radius  drawn  on 
the  propeller  while  stationary  in  the  tunnel. 

Calibrations  were  performed  by  measurinq 
the  surface  speed  of  a  disk  rotating  in  place 
of  the  propeller  in  the  water  tunnel. 

'lalculated  and  measured  calibration  factors 
differed  hy  3'  with  the  difference  thought  to 
be  due  to  deviations  in  the  two  beam  separation 
distance  at  the  lens. 

Calibrations  were  checked  through  out  the 
experiment  hv  measuring  thp  blade  surface  speed 
while  rotating  at  test  conditions.  The  magni¬ 
tude  of  blade  speed  was  most  accurately  deter¬ 
mined  using  the  tracker  processor  because  of 
its  narrow  band  width  and  thp  larqe  offset,  bet¬ 
ween  blade  surface  speed  and  the  measured  water 
ve'nc’ty  in  the  vacinify  of  the  blades,  fin  an 
average  basis  the  chpck  calibrations  were 
w'fhin  1'  of  the  original  calibrations  but 
varied  up  to  3.4'  amongst  all  t.hp  measurements, 
'his  variation  was  due  primarily  to  errors  in 
f he  positioning  horizontal  to  the  propeller 
ax’s  and  the  angle  setting  of  the  two  laser 
beams  from  the  vertical. 


2.4  Procedure  for  Measurinq  Local  Blade 
Vel  ocities 

A  procedure  was  derived  for  measuring  the 
streamwise  velocity  component  near  the  blade 
surface  usinq  the  one  component  LDV  system. 

The  streamwise  direction  is  that  tangent  to  a 
line  of  constant  radius  drawn  on  the  blade. 

The  dual  beam  LDV  system  measured  the  velocity 
in  the  plane  of  the  two  intersecting  beams, 
perpendicular  to  the  line  bisectinq  the  two 
beams.  Fiqure  3  depicts  the  measurement  of  the 
blade  streamwise  velocity  component. 
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The  measurinq  volume  located  at  the 
intersection  of  the  two  beams  was  positioned  at 
the  horizontal  centerline  plane  of  the  pro¬ 
peller.  As  the  prppeller  rotated,  the  blade 
cut  through  the  measuring  volume  at  some  point 
on  the  blade.  The  two  beams  were  rotated  about 
thp  optical  center  to  orient  the  direction  of 
velocity  measurement  to  he  tangent  to  one  side 
of  the  blade  as  it  passsed  through  the 
measuring  volume.  This  arrangement  resulted  in 
a  traverse  diagonally  throuqh  the  blade  surface 
boundary  layer,  measurinq  the  velocity  parallel 
to  the  blade  surface  at  the  point  where  the 
measuring  volume  intersected  the  blade.  The 
mechanism  for  the  boundary  layer  traverse  was 
simply  the  rotation  of  the  blade,  since  the  LHV 
measuring  volume  remained  stationary. 

The  angle  that  the  two  beams  were  rotated 
from  the  vertical,  t ,  was  obtained  analyti¬ 
cally  from  the  design  propeller  geometry.  This 
angle  was  similar  to  the  pitch  angle  of  the 
blade  section  with  a  deviation  with  distance 
from  the  mid-chord  line. 


4 


?.S  Measurement  of  Blade  Angular  Position 

Each  velocity  measurement  processed  by 
the  LDV  system  had  to  he  associated  with  a 
given  propeller  blade  angular  position.  When 
the  tracker  was  used  for  qualitative 
measurements,  the  time  sweep  of  a  storage 
oscilloscope  was  used  in  conjunction  with  a 
single  pulse  per  revolution  from  a  magnetic 
pick-up  to  reference  individual  measurements  to 
a  known  blade  angular  position.  Figure  4 
depicts  a  typical  velocity  distribution  through 
the  rotating  propeller  disk. 
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A  digital  output  absolute  positioning 
ipt'cal  rotary  encoder  (3F.I,  “SV6SUHS!)  was  used 
to  measure  blade  angular  position  when  quan¬ 
titative  data  was  collected  by  computer. 

A  natiri1  binary  V  bit  resolution  was  output 
from  the  encoder  *.o  r  re  spon  d  i  n  g  to  li)%  angular 
positions  per  revolution.  An  angular  speed 
limit  if  1)  rps  was  pres  raped  with  this  reso- 
’.it’O"  d*ie  *>  a  4.*  frequency  response  of 

the  pi  t  i  cal  components  in  the  encoder,  but  a 
workmq  ’imit  if  at  least  1  o  rps  was  attained. 

omputer  ’lata  'o' lection  anl  Analysis 
Proif*ss*,d  S*  velocity  measurement  lata 

f  r  i'ii  too  burst  o*jntt,r  were  oille,  ted  with  a 
'crl  i*i  ■  lmi-r  '  nt**rdat  a  1  ’-lb,  1*-  bit  '*iri,_om- 
,  i  at*'*’.  .1  tn  **  a*  h  velocity  m**a  s  jr**  nent  o'le  t . 

■1,  an  i  .so*,  i  a'  ■>  1  shaft  angular  position  was 


read  from  the  shaft  encoder.  Velocity  and 
position  data  sets  were  transfered  to  4  track- 
digital  tape.  A  typical  run,  requiring  ten 
minutes  of  test  time  consisted  of  168,000  data 
sets  with  approximately  40  velocity  measure¬ 
ments  at  each  of  4046  angular  positions. 

Data  on  digital  tape  was  transfered  to  a 
C0C  1 16  mainframe  computer  and  stored  on  a 
cartridge  type  mass  storage  system.  The  velo¬ 
city  data  were  sorted  by  angular  position  and 
the  mean  velocity,  standard  deviation  and 
number  of  data  points  at  each  angular  position 
were  retained  for  each  analyzed  run.  A  computer 
program  was  developed  to  analyze  the  velocity 
data  in  the  regions  close  to  the  blade  in  a 
reference  frame  moving  with  the  hlades.  The 
program  calculated  the  Made  pressure  coef¬ 
ficient  from  the  potential  flow  regions  above 
the  blade  surface  and  calculated  boundary  layer 
character! sties  of  displacement  thickness, 
shape  factor,  turbulence  intensity  and  velocity 
prof i  le. 

When  the  measuring  volume  intersected  the 
blade  surface  a  relatively  large  signal  was 
returned  to  the  LBV  processor.  This  resulted 
in  a  substantially  larger  number  of  dati 
samples  collected  at  the  angular  position 
correspond! ng  to  the  blade  surface.  This  phe¬ 
nomenon  was  used  to  locate  the  angular  position 
of  the  blade  surface  to  within  one  angui  ir 
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location. 

The  accuracy  of  the  angular  position 
corresponding  to  the  blade  surface  had  a  signi¬ 
ficant  effect  on  the  accuracy  of  the  measured 
boundary  layer  parameters.  Near  the  leading 
edge,  where  only  about  six  angular  positions 
were  contained  within  the  boundary  layer,  a 
variation  of  one  angular  position  produced  a 
dramatic  change  in  6*  and  H.  To  improve  sur¬ 
face  angle  resolution,  in  cases  where  a  large 
number  of  data  samples  were  shared  by  two  adja¬ 
cent  positions,  boundary  layer  parameters  were 
calculated  for  each  of  the  adjacent  surface 
angles  and  then  averaged.  From  this  procedure, 
surface  angular  resolution  was  improved  to  one 
half  an  angular  location  with  a  resulting  esti¬ 
mated  error  in  .5*  of  tO.00021Y/C. 

3 .  DISCUSSION  OF  EXPERIMENTAL  RESULTS 

3.1  Local  Blade  Flow  Measurements  About 


Initial  measurements  were  made  upstream 
of  the  propeller  near  the  leading  edge  of  the 
blades.  As  previously  reported  by  Min  (1978) 
and  Kerwin  (1982)  LDV  measurements  of  field 
point  velocities  in  the  potential  flow  regions 
ahead  of  the  propeller  correlated  well  with 
numerical  predictions  using  lifting  surface 
theory.  Figure  5  shows  the  measured  field 
point  velocity  distribution  of  propeller  4119 
slightly  ahead  of  the  leading  edge  at  the  0.7 
radius.  The  measurements  correspond  to  a  vec¬ 
tor  decomposition  of  the  traditionally  measured 
axial  and  tangential  velocity  components  into 
directions  parallel  and  perpendicular  to  the 
blade  section  pitch  line.  Comparisons 
made  with  the  propeller  numerical  lifting  sur¬ 
face  performance  prediction  program  (PSF-2) 
showed  good  agreement  with  measurements.  A 
reference  phase  for  the  field  point  velocity 
predictions  was  determined  by  shifting  the 
phase  of  the  predicted  velocity  distribution  in 
Figure  5  to  match  the  measured  result.  Figure 
6  shows  a  composite  of  the  blade  to  blade 
velocity  distributions  traversed  axially 
through  the  propeller  disk  across  the  blade 
chord.  The  measurement  direction  is  oriented 
parallel  to  the  suction  side  blade  surface  at 
the  intersection  of  the  LOV  measuring  volume 
and  the  suction  side  surface.  The  velocity 
profiles  shown  are  nondimensioni zed  on  Vr,  the 
resultant  inflow  velocity  at  the  given  radial 
section.  Velocity  Vb  represents  the  measured 
velocity  V.  transformed  to  the  moving  blade 
reference  frame,  where  Vb  =  V.^  +  2wnr  cos  $. 

The  blanked-out  regions  in  the  plots 
correspond  to  the  measuring  point  intersecting 
the  interior  of  the  blade.  Measurements  near 
the  suction  side  of  the  blade  are  to  the  right 
of  the  blanked  region  and  the  pressure  side  is 
to  the  left.  Over  most  of  the  chord  length  the 
velocity  jump  across  the  blade  can  be  seen. 

Near  the  leading  edge  on  the  pressure  side  of 
the  blade  the  flow  is  generally  retarded  near 
the  stagnation  point,  but  is  accelerated  near 
the  blade  surface  downstream  of  the  stagnation 
point.  On  the  suction  side  near  the  trailing 
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edge  the  surface  velocity  decelerates  without 
any  apparent  flow  separation. 

The  viscous  boundary  layers  developed 
along  each  side  of  the  blade  are  confined  to  the 
thin  regions  very  close  to  the  blade  surfaces. 
Even  near  the  trailing  edge,  the  relatively 
thick  boundary  layers  appear  to  have  little 
effect  on  the  overall  potential  flow  velocity 
fields. 
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Figure  7  shows  correlations  of  measure¬ 
ments  with  predictions  downstream  of  the 
trailing  edge.  The  influence  of  the  viscous 
wake  on  the  measured  downstream  field  point 
velocity  distribution  can  be  seen.  The  viscous 
blade  wake  appears  to  increase  the  streamwise 
velocity  parallel  to  the  chordline,  relative  to 
the  moving  blade,  while  the  velocity  perpen¬ 
dicular  to  the  chordline  is  reduced  from  the 
potential  flow  prediction.  In  the  region  bet¬ 
ween  the  blades,  toward  the  pressure  side  of 
the  blade,  correlation  with  potential  flow  pre¬ 
dictions  is  good. 

1.2  Measured  Bla_de  Surface  Pressure 

UTstributi ons  Tferi  veif  from  LBV  Measurements 

Blade  surface  pressure  distributions  were 
derived  from  the  IDV  measurements  and  compared 
to  numerical  lifting  surface  predictions.  From 
the  data  shown  in  Figure  6,  the  potential 
flow  velocity  measured  parallel  to  the  blade 
surface,  V.  was  extracted  at  the  edge  of  the 
boundary  layer,  and  referenced  to  the  moving 
blade  coordinate  systems,  (V^),  phe  pressure 
coefficient  was  then  calculated  using 


Bernoulli's  equation  for  irrotational ,  uniform 
onset  flow,  nondimensional  ized  on  the  resultant 
inflow  velocity,  Vr- 

Cp  '  1  '  (Vb/Vr)" 

Pressure  distributions  were  derived  from 
the  measured  results  at  the  0.7  radii  of  Prope¬ 
ller  4119.  The  streamwise  blade  surface 
angles,  $,  were  set  to  measure  velocities 
tangent  to  the  suction  side  of  the  blade. 
Pressure  side  pressure  distributions  were 
approximated  from  the  suction  side  measure¬ 
ments.  The  technique  has  the  capability  to 
extract  the  potential  flow  surface  velocities 
of  each  blade  of  the  propeller.  In  this  case, 
the  measured  pressure  coefficients  represent 
the  average  value  for  all  blades. 
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Figure  8  shows  the  measured  pressure 
coefficients  at  the  0.7  radius  along  with 
comparisons  with  numerical  lifting  surface 
theory  (Kim  and  Kobayashi ,  1984).  Kim  and 
Kobayashi's  procedure  signified  by  program  PSP, 
uses  the  prediction  procedure  of  Greely  and 
Kerwin  (1987)  represented  by  program  PSF-2 
which  also  provided  the  field  point  velocity 
predictions.  ror  these  comparisons,  PSP  was 
modified  to  calculate  pressure  distributions 
based  on  the  streamwise  velocity  components 
only,  to  be  compatible  with  the  LBV  measure¬ 
ments.  Figure  8a  shows  the  variation  in 
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pressure  distribution  predictions  for 
variations  In  relevant  PSP  computer  code  input 
parameters.  Little  change  resulted  from  com¬ 
putations  based  on  the  streamwise  only  and  the 
total  velocity  along  the  blade  surface  at  the 
0.7  radius.  The  pitch  correction  adopted  in 
PSF-?  is  an  empirical  correction  reducing  pitch 
to  account  for  viscous  effects,  and  it  was  not 
considered  in  the  correlation  with  measured 
resul ts . 

Fiqure  8b  shows  the  experimental  results 
compared  to  calculations.  More  extensive  ex¬ 
perimental  results  were  recorded  at  the  low 
Reynolds  number  of  7.3x10^-  Data  show  a 
reasonably  faired  distribution  over  the  chord 
with  some  anomalies  at  midchord  that,  could  be 
due  to  experimental  error  or  local  unfaired 
qeometry.  The  experimental  distribution 
matches  prediction  reasonably  well.  The  most 
obvious  and  accountable  discrepancy  occurs  on 
the  suction  side  of  the  blade  over  the  latter 
part  of  the  chord.  There  the  calculated  result 
underpredicts  the  measured  value.  This 
discrepancy  is  believed  to  be  a  boundary  layer 
displacement  thickness  effect.  The  pressure 
distribution  on  the  pressure  side  of  the  blade 
appears  to  be  further  from  prediction  than  that 
on  the  suction  side.  This  may  be  because  the 
blade  surface  angle  *  was  set  to  measure  velo¬ 
cities  tanqent  to  the  suction  surface.  Hence, 
significant  errors  may  have  resulted  near  the 
leadinq  and  trail inq  edges  where  the  suction 
and  pressure  side  surface  angles  were  dif¬ 
ferent. 

Measurements  taken  at  the  hiqher  Reynolds 
number  (1.46xl06)  show  a  closer  aqreement  with 
the  potential  flow  predictions  as  expected,  due 
to  the  smaller  influence  of  displacement 
thickness,  especially  in  the  region  aft  of 
mi dchord. 
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Table  2  shows  comparisons  of  measured  and 
predicted  thrust  and  torque  for  propeller  4119 
at  design  J.  Predictions  using  PSF-2  with  a 
pitch  correction  for  viscous  effects  were  very 
close  to  measured  open  water  test  results, 
within  IT  difference  on  thrust.  The  water  tun¬ 
nel  test  conditions  were  set  by  thrust  identity 
based  on  the  open  water  test  results  at  a 
desiqn  J  of  0.833.  An  effective  J  of  0.806  was 
established  based  on  asymmetry  in  the  inflow 
and  possible  errors  in  thrust  measurement. 


Predictions  at  this  advance  coefficient  showed 
a  siqnficant  discrepancy  with  the  open  water 
data.  Further  tests  will  include  measurements 
of  the  inflow  asymmetry  and  more  careful  load 
measurements  to  establish  quantitative  effects 
of  viscosity  on  performance. 

3.4  Roundary  Layer  Measurements 

Boundary  layer  profiles  were  extracted 
from  the  streamwise  velocity  measurements  at 
angular  positions  close  to  the  blade  surfaces. 
With  the  resolution  of  4096  positions  per  revo¬ 
lution,  data  points  through  the  boundary  layer 
varied  from  four  near  the  leading  edge  to  sixty 
at  the  trailing  edge.  A  diagonal  traverse  was 
obtained  through  the  boundary  layer  at  an  angle 
of  (90  -  $)  degrees  from  the  normal  vector  from 
the  surface,  this  effectively  increased  the 
resolution  of  the  data  normal  to  the  blade  sur¬ 
face,  but  introduced  error  due  to  streamwise 
gradients  in  the  boundary  layer  profile. 

Because  the  boundary  layer  was  relatively  thin, 
streamwise  variations  were  ignored. 

Figure  9  shows  boundary  layer  profiles 
along  the  suction  side  blade  chord  at  the  0.7 
radius  of  Propeller  4119  at  the  effective 
advance  coefficient  of  0.806  for  the  low 
Reynolds  number  case  (7.3x10^).  The  vertical 
scale  for  each  profile  represents  distance  nor¬ 
mal  to  the  surface.  The  boundary  layer  deve¬ 
loped  in  a  fashion  typical  of  a  planar  wing 
section,  with  laminar  flow  occurring  up  to 
around  midchord,  the  point  of  transition  is 
somewhat  ill-defined  because  of  insufficient 
chordwise  resolution  and  possible  chordwise 
fluctuation  in  the  transition  point  which  would 
be  time-averaged  over  the  duration  of  run. 
Typical  turbulent  boundary  layer  development 
occurs  at  the  trailing  edge  region. 

Measured  boundary  layer  parameters  were 
compared  to  calculations  using  a  two- 
dimensional  procedure  of  Cebeci  (1978).  A 
faired  pressure  distribution  from  the  measured 
results  in  Figure  8  was  supplied  as  input  to 
the  calculation  procedure.  Figure  10  shows  com¬ 
parisons  of  the  measured  and  calculated  values 
of  displacment  thickness,  5  >  and  shape  factor, 
H.  The  calculations  were  performed  using 
prescribed  transition  locations  of  xc  equal  to 
0.6  and  0.6. 

The  correlation  of  displacement  thickness 
shown  in  Figure  10a  was  reasonably  good  in  the 
laminar  flow  region,  with  an  underpredicted 
growth  in  boundary  layer  thickness  in  the  tur¬ 
bulent  region  aft  of  midchord.  Near  the 
leading  edge  the  measured  displacement 
thickness  of  blade  one  was  greater  than  calcu¬ 
lated,  possibly  due  to  localized  leading  edge 
separation.  Blade  three  was  noticeably  closer 
to  the  calculated  values  aft  of  midchord,  which 
indicates  blade-to-blade  differences  in 
geometry  that  will  result  in  noticeable  dif¬ 
ferences  in  boundary  layer  development. 

The  measured  shape  factor  distribution 
over  the  chord  resembles  the  calculated  distri¬ 
bution  in  a  general  sense  as  shown  in  Figure 
10b.  Through  the  transition  region  the 
measured  shape  factors  decreased  less  abruptly 
than  predicted.  Also  there  is  significant 
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scatter,  blade  to  blade,  in  the  transition 
region.  The  discrepancies  observed  between 
measured  and  calculated  values  of  '*and  H  could 
be  due  to  three  dimensional  boundary  layer 
effects  that  are  not  accounted  for  in  the  two 
dimensional  calculations.  Unfortunately,  the 
error  associated  with  the  location  of  the  boun¬ 
dary  surface  prohibits  detailed  analysis  of  the 
blade  boundary  layer.  Improved  blade  angle 
resolution  will  result  in  more  precise  measured 
boundary  layer  profiles. 

3.5  Measurement  of  Turbulence  Intensity 

A  measurement  of  the  turbulence  intensity 
in  the  streamwise  component  of  the  blade  boun¬ 
dary  layer  was  obtained  from  the  standard 
deviation  of  the  measured  velocity  samples 
recorded  at  each  blade  angular  position.  The 
turbulence  intensity, _ 

/(V  i  )  -  V^* 

was  referenced  to  the  moving  blade  and  non- 
dimensionalized  by  Vr,  the  resultant  Inflow  to 
the  blade  section.  A  typical  distribution  of 
turbulence  intensity  across  a  turbulent  boundary 
layer  measured  on  Propeller  4119  is  shown  In 
Figure  11.  The  maximum  turbulent  intensity  of 
about  10  percent  *s  comparable  to  typical  air¬ 
foil  data.  The  turbulence  intensity  in  the 
potential  flow  region  away  from  the  blade  sur¬ 
face  is  approximately  1.5  percent  relative  to 
the  moving  blade. 


When  the  turbulence  intensity  is 
nondimensionalized  on  advance  speed,  V^, 
substantially  larger  turbulence  levels  occur. 

In  this  case  values  in  Figure  11  would  be 
uniformly  increased  by  a  factor  of  2.8 
resulting  in  maximum  turbulence  intensities  of 
about  25  percent.  The  relatively  high  turbulence 
levels  (relative  to  freestream  speeds)  that 
would  be  measured  downstream  of  the  propeller 
are  produced  by  typical  turbulent  boundary 
layer  growth  on  blade  surfaces  moving  at  speeds 
substantially  higher  than  the  freestream 
velocity.  Therefore,  with  the  absence  of  blade 
flow  separation,  propellers  operating  at  higher 
advance  coefficients  would  generally  produce 
less  downstream  turbulence  in  the  blade  viscous 
wakes. 

3.6  Flow  Visualization  of  the  Blade  Surface 


After  completion  of  the  LDV  measurements  about 
Propeller  4119  blade  surface  flow  visualiza¬ 
tion  studies  were  conducted  at  the  two  Reynolds 
numbers  tested.  An  oil  dot  technique  was  used 
in  which  a  mixture  of  90  weight  gear  oil  and 
orange  fluorescent  pigment  was  applied  with  a 
drafting  pen  in  a  matrix  of  dots  on  the  blade 
surface.  The  propeller  was  then  run  up  to 
speed  in  the  tunnel  allowing  the  oil  to  spread 
from  the  dots  at  the  desired  test  condition  for 
approximately  30  seconds  to  a  minute.  When  the 
propeller  rotation  and  tunnel  speed  were  ini- 
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tidily  started,  the  tunnel  speed  generally 
lagged  behind  shaft  rotation,  so  that  the  pro¬ 
peller  operated  at  low  advance  speed  in  a  tran¬ 
sient  fashion.  Therefore,  the  initial  20 
percent  of  the  extended  oil  line  was  generally 
ignored.  After  the  oil  had  extended  completely 
from  the  dot,  it  was  sufficiently  fixed  on  the 
blade  so  that  the  running  down  of  the  shaft  and 
water  speed  did  not  influence  the  oil  pattern 
on  the  blade. 

figure  12  shows  the  results  of  the  blade 
surface  flow  vi sual 1 zati on  conducted  on 
Propel  1 er  41  Id .  Significant  outward  radial 
flow  was  observed  over  most  of  the  blade,  with 
a  change  in  the  surface  streamline  direction 
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occurring  towards  the  trailing  edge. 

Surface  flow  patterns  of  this  sort  have 
been  investigated  by  Meyne  (1972)  and  Kuiper 
(1978)  and  have  been  related  to  laminar  and 
turbulent  boundary  layer  development  on  a 
rotating  disk.  In  laminar  flow  the  surface 
streamline  direction,  8,  on  a  rotating  disk  is 
40  -y  rees  from  the  circumferential  direction, 
while  in  turbulent  flow  the  angle  is  reduced  to 
11  degrees.  The  large  difference  in  surface 
flow  direction  between  laminar  and  turbulent 
boundary  layer  flow  has  been  used  qualitatively 
to  determine  regions  on  the  propeller  blades 
where  laminar  and  turbulent  flow  occur.  Large 
outward  radial  surface  flow  is  associated  with 
laminar  boundary  layer  occurrence.  When  the 
surface  flow  direction  changes  to  be  oriented 
closer  to  the  circumferential  direction,  the 
transition  to  a  turbulent  boundary  layer  is 
thought  to  occur. 

The  interpretation  of  surface  flow  direc¬ 
tion  should  be  considered  relative  to  the  local 
direction  of  the  potential  flow  streamlines. 

In  the  midspan  region  of  the  blade  the  poten¬ 
tial  flow  direction  is  approximately  in  the 
circumferential  direction,  so  that  qualitative 
boundary  layer  characteristics  can  be  deter¬ 
mined.  Near  the  tip  of  the  blade,  strong 
radial  flow  velocities  occur  making  qualitative 
interpretation  difficult.  If  the  potential 
flow  streamlines  were  known,  one  could  deter¬ 
mine  the  angle  8  between  the  potential  flow 
streamline  and  the  surface  streamlines  from 
figure  12. 

Figures  1 ? a  and  12b  show  the  surface 
streamline  directions  on  the  suction  side  of 
Propeller  4119  at  the  low  Reynolds  number 
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tested,  7.3  x  10^.  Significant  laminar  flow 
appears  with  transition  occurring  around 
midchord  at  the  0.7  radius.  This  result  corre¬ 
lates  well  with  the  measured  boundary  layer 
profiles  shown  in  Figure  9.  Figure  l>e  shows 
the  surface  flow  on  the  suction  side  at  the 
higher  Reynolds  number  tested,  1.46  x  10*’.  At 
0.7  radius  transition  is  estimated  to  occur 
around  30  percent  chord.  Transition  has 
migrated  forward  as  expected  but  significant 
laminar  flow  still  occurs  at  the  inner  radii. 

Figure  1? c  and  12f  show  the  surface  flow 
on  the  pressure  side  of  the  blade  at  the  two 
Reynolds  numbers  tested.  Again,  significant 
laminar  flow  occurs  over  much  of  the  blade  at 
low  Reynolds  number,  with  transition  shifting 


towards  the  leading  edge  at  the  higher  Reynolds 
number  run. 

Figure  12 d  shows  the  blade  surface  flow  on 
the  suction  side  of  the  blade  at  the  low 
Reynolds  number  condition  with  a  0.010  inch 
(,26mm)  diameter  trip  wire  attached  near  the 
leading  edge  from  the  0.3  radius  to  the  0.7 
radius.  Oownstream  of  the  trip  wire  turbulent 
flow  appeared  to  occur,  but  laminar  flow  per¬ 
sisted  outboard  of  the  trip  wire  from  the  0.7 
to  O.R  radii.  No  boundary  layer  measurements 
were  made  when  trip  wires  were  applied  to  the 
blades.  In  the  future  the  LOV  techniques 
described  could  be  used  to  quantify  the  effects 
of  boundary  layer  trips  to  simulate  full  scale 
Reynolds  number  flow  similar  to  work  done  by 
McCarthy,  et  al .  (1976)  on  axisymmetric  bodies. 
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position  corresponding  to  2  percent  chord  on 
the  suction  side  of  the  blade  at  the  0.7 
radius.  At  the  high  J=l.03,  low  loading  con¬ 
dition,  the  angle  of  attack  of  the  section  is 
small  and  the  flow  is  attached  on  both  sides  of 
the  blade.  At  the  low  J  condition,  the  section 
is  at  a  relatively  high  angle  of  attack 
inducing  a  large  velocity  difference  between 
the  suction  and  pressure  sides  of  the  blade. 

The  potential  flow  velocity  approaching  the 
suction  side  of  the  blade  appears  to  disin¬ 
tegrate  producing  large  flucuations  in  velocity 
near  the  surface,  associated  with  a  region  of 
separated  flow.  Figure  13b  shows  velocity 
profiles  corresponding  to  the  10  percent  chord 
position  on  the  suction  side.  The  top  trace 
shows  the  local  boundary  layer  flow  indicating, 
again,  large  velocity  fluctuations  on  the  suc¬ 
tion  side  of  the  blade.  It  is  not  obvious 
whether  the  boundary  layer  is  attached  or 
separated  on  the  suction  side  at  this  chord 
position.  The  blade  to  blade  potential  flow  in 
the  lower  trace  shows  the  disintegration  of  the 
potential  flow  velocity  near  the  suction  side 
surface.  Figure  13c  shows  the  boundary  layer 
flow  at  the  37  percent  chord  position  at  the 
high  and  low  J  conditions.  At  low  J,  in  the 
lower  trace,  the  suction  side  boundary  layer 
appears  turbulent  and  attached  with  a  lower 
level  of  velocity  fluctuations  than  observed 
close  to  the  leading  edge.  The  upper  trace, 
corresponding  to  the  1  =  1 .03  condition,  shows  a 
much  thinner  turbulent  boundary  layer  resulting 
from  a  more  favorable  chordwise  pressure 
distribution  and  a  smaller  or  no  region  of 
leading  edge  separation. 


The  effects  of  leading  edge  separation 
were  discussed  extensively  by  Greeley  and 
Kerwin  (1982)  in  relation  to  propellers. 
Generally,  a  long  separation  bubble  extending 
over  an  appreciable  fraction  of  the  chord  will 
reduce  the  suction  peak  predicted  at  the 
leading  edge  from  potential  flow  theory.  From 
Figure  13b,  this  appeared  to  be  occurring.  To 
check  this,  qualitative  comparisons  were  made 
between  measured  and  predicted  velocity  profi¬ 
les  through  the  4  percent  chord  position  of  the 
four  bladed  propeller  tested.  Figure  14  shows 
the  qualitative  comparisons  of  measured  results 
with  PSF-2  (Greeley,  1982).  The  potential  flow 
calculation  shows  significant  peak  velocities 
on  both  the  suction  and  pressure  sides  of 
the  blade.  The  measured  result  shows  no  suc¬ 
tion  side  peak,  implying  a  separation  bubble 
occurring  and  reducing  the  magnitude  of  the  po¬ 
tential  flow  velocity  near  the  leading  edge. 
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using  program  PSF-2  of  Greeley  ( 198? )  applied 
to  a  radially  varying  inflow. 

The  axi symmetric  sheared  wake  was  generated 
in  the  DTNSRDC  24-inch  water  tunnel  using  a  3 
foot  (0.9m)  long,  6  inch  (IS. ?  cm)  diameter 
cylinder  with  an  attached  tail  cone  faired  inte 
the  hub  of  the  propeller.  Also,  an  additional 
wake  generator  was  used  comprised  of  nine  cnn- 
cetric  rings  0.125  inches  (3.2  m)  thick  and  1 
inches  (12.7  cm)  long  mounted  around  the 
cylinder  approximately  1.5  diameters  ahead  of 
the  propeller.  DTNSRDC  Model  Propeller  4646  ,  a 
skewed,  seven  bladed,  wake  adapted  propeller 
similar  to  that  described  by  Wilson  (198?)  and 
Valentine  and  Chase  (1976)  was  used  for  these 
tests. 

Test  conditions  in  the  tunnel  were  set 
using  thrust  identity  with  an  approximate 
design  thrust  coefficient.  Kg  =  0.28.  Field 
point  velocity  measurements  of  axial  and 
tangential  velocity,  Vx  and  Vg,  were  performed 
ahead  of  the  operating  propeller  at  an  axial 
plane  as  close  to  the  propeller  as  possible. 
Because  of  the  aft  rake  of  the  blade  sections, 
this  resulted  in  measurements  at  the  leading 
edge  at  the  0.3  radius  and  progressively 
further  from  the  leading  edge  with  increasing 
radius.  A  nominal  inflow  wake  was  determined 
by  removing  the  propeller  and  measuring  the 
axial  inflow  velocity,  Vx,  at  the  same  measure¬ 
ment  plane  and  at  the  same  tunnel  impeller 
rotation  speed. 

Programs  PSF-2  and  FPV-10  were  used  to 
predict  the  propeller's  performance  and  field 
point  velocities  across  the  propeller  disk. 


The  effective  wake  into  the  propeller  was 
determined  using  PSF-2  and  FPV-10  together  with 
the  experimental  data  obtained  ahead  of  the  pro¬ 
peller.  Initially,  the  measured  nominal  wake 
was  used  as  input  to  PSF-2  and  FPV-10.  The 
resultant  calculated  ci rcumferenti al  average 
propeller  induced  velocity  at  each  radius  was 
then  subtracted  from  the  measured  total  velo¬ 
city  leaving  the  estimated  effective  wake. 

This  procedure  was  repeated  for  three  itera¬ 
tions  until  the  computed  total  velocity  matched 
the  measured  values.  Figure  15  shows  the  nomi¬ 
nal,  total  and  final  effective  wake  distribu¬ 
tions.  It  has  been  shown  by  Huang  (1976)  that 
the  nominal  and  effective  wake  converge  at  a 
point  beyond  the  propeller  tip.  The  present 
results  do  not  show  this  trend,  possibly 
because  of  the  confined  flow  in  the  water 
tunnel  . 
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Predictions  of  the  field  point  velocity 
distributions  were  compared  with  measured  total 
velocity  across  the  propeller  disk.  Figure  16a 
shows  comparisons  of  Vx  and  Vt  at  0.3  radius. 
The  calculation  underpredicts  the  circumferen¬ 
tial  variation  of  both  velocity  components.  A 
possible  explanation  is  the  inaccuracies  of 
thin  wing  theory  in  accounting  for  the 
influence  of  blade  thickness  close  to  the 
leading  edge.  At  the  0.3  radius,  the  blade 
section  was  relatively  thick  and  the  measure¬ 
ments  were  obtained  at  the  leading  edge. 

Figure  16b  shows  comparisons  at  0.5  radius. 
There,  the  blade  section  was  thinner,  and  the 
measurement  was  sufficiently  distant  from  the 
leading  edge  to  avoid  Inaccuracies  in  the 
modeling  of  thickness  effects,  but  the  calcu¬ 
lated  result  also  underpredicted  the  measured 
peak  to  trough  circumferential  variation. 

Comparison  was  also  made  of  measured  and 
predicted  thrust.  Initially,  predictions  were 
made  of  the  measured  open  water  performance  of 
Propeller  4645  showing  agreement  to  within  2 
percent  near  its  design  condition.  With  the 
same  empirical  wake  input  parameters  as  in  uni¬ 
form  flow,  the  effective  wake  in  shear  flow  was 
input  resulting  in  a  12  percent  overprediction 
of  the  measured  thrust  set  in  the  tunnel.  This 
was  inconsistent  with  the  underprediction  of 
the  cl rcumferential  variation  of  the  field 
point  velocity  ahead  of  the  propeller.  The 
field  point  velocity  correlation  suggested  that 
the  predicted  loading  should  be  higher,  while 
the  predicted  thrust  was  already  too  high. 

There  may  have  been  experimental  errors  in  the 
thrust  measurement,  and  possible  asymmetry  in 
the  sheared  inflow  wake,  but  it’s  unlikely 
these  would  explain  the  large  discrepancy 
observed.  Possible  reasons  for  the  discrepan¬ 
cies  are  hypothesized  as  follows: 

1.  Lack  of  consideration  of  the  three  dimen¬ 
sional  nature  of  the  induced  velocity  com¬ 
ponents  associated  with  the  effective  wake  in 
shear  flow. 

2.  Improper  modeling  of  the  flow  through  the 
propeller  in  sheared  wakes  using  program  PSF-2, 
especially  the  downstream  wake  structure. 

3.  At  inner  radii,  use  of  thin  wing  theory  to 
model  thickness  effects  in  PSF-2. 

4.  CONCLUDING  REMARKS 

The  primary  contribution  of  this  paper  is 
the  introduction  of  a  local  flow  measuring 
technique  with  a  great  potential  to  investigate 
a  variety  of  propeller  problems.  A  high  revo¬ 
lution  one  component  hack  scatter  ;  Dv  system 
has  been  developed  to  measure  flows  about 
operating  propellers.  A  small  -DV  measuring 
volume,  high  resolution  optical  sha‘t  encoding, 
and  computer  data  acquisition  and  analysis  nave 
permitted  detailed  velocity  measurements  for¬ 
ward,  aft,  and  within  the  blade  boundary  layers 
of  operating  propellers.  I  hp  following  tnn,  '  i- 
sions  can  he  made  concerning  the  experimental 
results  described  in  this  paper; 


1.  Good  correlation  of  measured  and  pre¬ 
dicted  (Greeley  1182)  field  point  velocities 
have  been  further  validated  ahead  of  operating 
propellers  in  uniform  flow.  Correlation  of 
field  point  velocities  in  the  slip  stream  show 
di screpanci es  believed  to  be  due  to  boundary 
layer  displacement  effects  not  modeled  by  the 
prediction  method. 

2.  Blade  surface  pressure  distributions 
can  be  derived  from  LDV  measurement  of  poten¬ 
tial  flow  velocity  at  the  blade  surface. 
Correlations  with  calculations  (Kim,  1184)  have 
shown  reasonable  agreement  with  noticeable 
Reynolds  number  effects  on  pressure  distribu¬ 
tion  that  are  attributed  to  displacement 
thickness  effects. 

3.  Streainwise  boundary  layer  measurements 
on  the  suction  side  of  Propeller  4111  have 
shown  substantial  laminar  flow  at  model  scale 
Reynolds  numbers,  location  of  transition 
determined  from  measured  boundary  layer  profi¬ 
les  correlated  well  with  oil  dot  surface  flow 
visualization  techniques.  Measured  boundary 
layer  growth  at  mid-span  of  the  blade  was 
approximated  well  with  two-dimensional  boundary 
layer  theory  using  the  measured  pressure 

di s tributi on . 

4.  Measured  streamwise  turbulence  inten¬ 
sity  through  the  turbulent  boundary  layer  shows 
a  typical  magnitude  relative  to  the  moving 
blade  reference  frame. 

5.  Local  blade  flow  measurements  at  off- 
design,  low  3  conditions  show  leading  edge 
separation  with  a  resulting  reduction  in  poten¬ 
tial  flow  suction  peaks. 

6.  Field  point  velocity  and  thrust 
measurements  for  a  propeller  operating  in  a 
sheared  wake  show  an  inconsistancy  between 
measured  and  calculated  results  possible  due  to 
improper  wake  modeling  in  sheared  flow  and/or 
the  three  dimensionality  of  the  effective  wake. 
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